Abstract. In this study, Perzyna visco-plasticity theory and Nishihara component model were combined to establish a universal creep constitutive model for describing the entire process of creep, including transient creep, steady-state creep and accelerating creep. Based on the internal energy theory, the constitutive model defined the critical internal energy density value of accelerating creep to describe the mutation characteristics of materials' creep behavior and predict the time of accelerating creep effectively. Overall, the numerical simulation results agreed with the experimental data. Furthermore, according to the sensitivity analysis of parameters, such as flow rule, cohesive force, internal friction angel and Poisson's ratio, and study the constitutive equation change rule with the change of major parameters to further verify the rationality of model. Research shows that, the flow rule and internal friction angle have influence on the time of accelerating creep, and the influence law is close to a parabola form. But the influence law shows a straight line form for the cohesive force and Poisson's ratio. The flow rule, cohesive force and internal friction angle affect steady-state creep strain rate, and the influence law is close to a straight line form. However, Poisson's ratio has no effect on it. The parameters sensitivity of steady-state creep strain rate from small to large in the order is Poisson's ratio, flow rule, cohesive force and internal friction angle. But the sequence turns into Poisson's ratio, cohesive force, flow rule and internal friction angle for the time of accelerating creep.
Introduction
Rock rheology refers to the time-dependent properties of flow, deformation and failure with respect to varying temperature and/or external loading conditions within geological formations; as such, it comprises examination of phenomena such as creep, relaxation, residual elasticity and aging strength, among which creep [1] is defined as 'continuously increasing strain with respect to time under constant external stresses'. Due to the direct engineering implications of rock creep, it now represents a significant research area within rock rheology [2, 3] .
Because the accelerating creep phase plays a crucial role in stability in engineering applications, it has attracted significant attention from researchers. Vëiìalov [4] considered the nonlinear relation between stress and strain rate, found that the viscosity coefficient of the viscous component varied in the Bingham model, and developed a modified Bingham model. Zhao et al. [5] used the instantaneous elasticity, Hooke body, viscoelasto-plastic Schiffman body, and viscoplastic improved Bingham body to establish a new nonlinear elastovisco-plastic rheological model of rock in series. This model considered the nonlinear characteristics of decay creep and accelerating creep sta ges and was able to reasonably simulate the accelerating rock creep. Chen et al. [6] proposed two nonlinear components, plastic cranny body and creep body, and established a new nonlinear multiple rheological model. Cao et al. [7] proposed a nonlinear Nishihara model based on an analysis of complete stress-strain curves and a creep process curve. In this model, the viscosity coefficient of the viscous component initially increased but subsequently decreased, which could reflect the accelerating rock creep stage. In general, current theoretical studies of rock rheology have mainly focused on component theory, i.e., developing serial and parallel models of basic components (Hooke body, St. Venant body, and Newton body) [8] based on elasticity, plasticity and viscosity. Widely used models include the Kelvin, Burgers, Nishihara, Sterpi and Gioda models [9, 10] . Among these models, significant attention has been given to the Nishihara model [1] (Fig. 1) due to its simplicity and ability to provide a clear, comprehensive reflection of the elastic-viscoelastic-viscoplastic features of rock rheology. E is the elastic modulus, 1 E is the viscoelastic modulus, and 1
The classical Nishihara model is not capable of simulating the rupture of accelerating creep. Therefore, many researchers have modified the Nishihara model to improve the results found when using the model for the accelerating creep state. Li et al. [11] proposed a series of multiple Poynting-Thomson models to simulate nonlinear creep states by using one-dimensional component models of H-(N||St.V), -N-(N||St.V) and -N-(N||St.V)-H-(H||N). Jiang et al. [12] applied a method with an increasing nonlinear dashpot to simulate accelerating creep processes and added a strain-triggered inertial element in series. In this case, when the strain is larger than the control strain a  , accelerating creep occurs. Using fractional calculus operator theory and the classical Nishihara model, Zhou et al. [13] proposed a salt rock creep constitutive model that was based on fractional derivatives. These authors used salt rock creep experimental data to validate the model and found good agreement with the fitting results.
In recent years, great progress achieved for the nonlinear component combined model. Because of the model bears the advantages of classical component combined model. However, the model had been presented is only initially formed rock nonlinear component creep model theory, which is imperfect. Currently, the model analysis is mainly aimed at mechanical behavior of the moment after viscoplastic, and the main idea or method is representation research under the condition of fitting experimental data. The simple use of component theory, it is difficult to comprehensively elaborate the occurrence mechanism of creep from mechanical mechanism. Therefore, this paper considered creep mechanism and macro-mechanics behavior as important factors for exploring the mechanism of material failure process. Meanwhile, a nonlinear creep constitutive model was established by combining the Perzyna visco-plasticity theory and the Nishihara component model based on the internal energy theory. Through detailed analysis of the regular pattern of the main physical and mechanics parameters influence simulation of rock creep process, not only further validated the rationality of this constitutive model, but also provided reference for better application of constitutive model.
Accelerating Creep Constitutive Equation based on Internal Energy Theory
Perzyna visco-plasticity theory [14] can be used to accurately simulate the nonlinear viscoplastic mechanical features of the simulated materials, where the viscoplastic strain rate constitutive equation is defined as follows:
Here,  is the viscoplastic coefficient,   m is the viscoplastic flow direction, and () F  is an arbitrary function of the yield function F , which is expressed as
When the creep process does not change the stress state, the plastic flow (creep) in elastoplastic theory can be considered as related to the internal energy increment of the material. Therefore,
Where  is the equivalent coefficient of the stress state (which is associated with the second Therefore, combining the viscoplastic Eq. (2) and Nishihara models improved the Nishihara model, and the constitutive equations of the viscoelastic and viscoplastic stages can be written as follows:
To simplify the calculation, it is desirable that 1
the creep unified constitutive equation degenerates into a method with an increasing nonlinear dashpot to simulate the accelerating creep process [12] . According to the triaxial test, when a material exhibits a non-zero steady-state creep, it will achieve accelerating creep as the creep strain energy increases. Here, it was assumed that the materials would enter the accelerating creep stage when the creep strain energy increment reaches the critical value. From the internal energy perspective (e.g., defined as the accelerating creep critical strain energy value * a  ), it can be concluded that the critical value is a constant that does not change when the stress state changes. Therefore, the critical value can be determined fr om one accelerating creep test curve. In addition, The internal energy change can be used to distinguish the behavior of the entire rock creep process. When 
Here, s  is the creep strain (e.g., total strain minus instantaneous strain), and 
Therefore, a simplified, practical creep constitutive model that describes accelerating creep processes was obtained based on strain energy theory.
The one-dimensional constitutive equations were rewritten in three-dimensional matrix format as follows:
where the variables with over-lines represent the yield strength calculation values under three-dimensional conditions. 
Parameters Sensitivity Analysis of Accelerating Creep Constitutive Model Based on the D-P Yield Criterion
Here assumption is made that yield criterion in Eq. (13), (14), (15) ,  is the internal friction angle. Therefore, the accelerating creep constitutive model based on D-P yield criterion can be established.
Determine the Critical Internal Energy Density Value of Accelerating Creep by Experimental Curves
The triaxial creep tests specimens are sandstone specimens. The axial pressure was 61 Mpa, and the confining pressure was 6.0 Mpa. Using the least squares approach, the parameters of the proposed constitutive model can be determined by fitting Eqs. (13), (14) , and (15) . By applying the Drucker-Prager yield criterion and the associated flow rule, a three-dimensional constitutive model can be established. The parameters that were obtained by fitting the experimental data are shown in table 1. The data from the triaxial test and the fitting curve of modified Nishihara model are shown in Fig. 2 Parameters Sensitivity Analysis of the Constitutive Equation The axial strain The occurrence time of accelerated creep/h
Cohesive force/MPa
The occurrence time of accelerated creep The fitting curve of linear equation
The slope of straight line k=22.27 The axial strain Research shows that, the flow rule and internal friction angle have influence on the time of accelerating creep, and the influence law curve is close to a parabola. But the influence law shows a straight line form for cohesive force and Poisson's ratio. The flow rule, cohesive force and internal friction angle affect steady-state creep ratio, and the influence law curve is close to a straight line form. However, Poisson's ratio has no effect on it.The parameters sensitivity of steady-state creep ratio from small to large in the order is Poisson's ratio, flow rule, cohesive force and internal friction angle. But the sequence turns into Poisson's ratio, cohesive force, flow rule and internal friction angle for the occurrence time of accelerating creep.
Conclusion
1. This paper developed a modified Nishihara model based on Perzyna viscoplastic theory, which combines nonlinear viscoplastic theory with a component method. This model is easy to understand and reflects the nonlinear process of creep, providing insights for research into simulating the rock creep process.
2. Based on internal energy theory, this paper used the critical internal energy density value of accelerating creep to describe the properties of materials undergoing sudden changes in creep mechanics. According to the sensitivity analysis of parameters, such as flow rule, cohesive force, internal friction angel and Poisson's ratio, and study the constitutive equation change rule with the change of major parameters to further verify the rationality of model. The proposed method for predicting accelerating creep and analyzing parameters sensitivity in this study was based on the critical internal energy density of accelerating creep and provided new insights into the study of rock creep macro-constitutive models.
